Introduction
Nowadays, continuous development of semiconductor switches has led to widespread application of power electronic systems. Usually, these systems have a large number of power semiconductor switches.
In addition, most of power electronic converters are equipped with electrolytic capacitors. But the semiconductor switches and electrolytic capacitors are the most fragile components [1] - [3] . Also, cost reduction pressure from global competition dictates minimum reliability-oriented design margin. For these reasons, reliability is the number one challenge for power electronic systems. So, quantitative evaluation of reliability for power electronic systems being a significant concern, can be used as a criterion to compare different topologies and control strategies.
The past decade has witnessed an increasingly growing research interest in various aspects of reliability for power electronic systems, with focused specifically on inverters [4] - [7] . In [8] , Chiodo et al. presented some crucial properties to evaluate reliability of the power electronic systems. During the last few decades, many recommendations are proposed to improve reliability, such as "fault-tolerant design", "condition monitoring", and "active thermal management", to meet current and future industry needs.
Mirafzal presented an instructive survey of existing fault-tolerance techniques for three-phase, two-level, and multilevel inverters in [9] . More comprehensive fault-tolerant techniques regarding power electronic converters in case of power semiconductor device failures, are reviewed by [10] . For condition monitoring (CM), a review paper was presented by [11] , which described the current state of the art in CM research 5 for power electronics. In [12] , it is proposed to use the active thermal management to reduce the switching losses or to move them to less stressed devices. That can increase the reliability of power electronic modules. In [13] , the authors present a global reliability comparison between two-level and threelevel/five-level inverter topologies in single and three-phase operations. Harb et al. has proposed a new methodology for calculating the reliability of the photovoltaic module-integrated inverter (PV-MII) based on a stress factor approach [14] . Various fault-tolerant configurations have been proposed in the literature for power electronics converters [15] - [20] . But, no reliability evaluation or comparisons of different control strategies have been presented in previous articles. For the first time to our knowledge, a general methodology is applied that permits us to compare different control strategies from the reliability point of view. Though the methodology presented here is general, results associated with a three-phase three-level neutral point clamped (NPC) inverter are presented and discussed here.
NPC inverters are the most widely used topology of multilevel inverters in MV high-power applications on the market [21] and play an increasingly important role in electric motor speed control, utility interfaces with renewable energy resources, induction heating, flexible AC transmission systems (FACTS) and uninterruptible power supplies (UPS). Over the last decades, many modulation schemes are proposed to improve the performance of NPC inverters, which can generally be classified into two categories: pulse width modulation (PWM), and space vector modulation. In this paper, three common control methods: sinusoidal PWM (SPWM), third harmonic injection PWM (THIPWM), and space vector PWM (SVPWM) are compared to determine the most reliable modulation technique for NPC inverter. It is demonstrated that the effect of control strategy on reliability will be determined by its effect on the junction temperature of switches. The junction temperature is a function of three parameters, namely, ambient temperature, power loss of the semiconductor switch and the thermal resistance of the heat sink.
Clearly, control strategy effects on the junction temperature only through the power loss. So this paper presents a comprehensive analysis on conduction and switching loss for different modulation strategies. 6 
Basic operation of the three-level NPC inverter
In NPC topology, to produce n different levels for output phase voltage, (n-1) capacitors (with DC voltages), 2(n-1) switches and (n-1)(n-2) clamping diodes are needed in each leg. Fig. 1 depicts the threephase three-level NPC inverter topology. Switches (1, 3) and (2, 4) on each leg are a complementary switching pair, which means that when a switch is on, to avoid DC link short circuit, the other switch must be off and vice versa. Table 1 shows the three switching states of this topology and corresponding output voltage levels. Also, their corresponding equivalent circuit is highlighted in Fig. 2 . To obtain the equation of power losses we need to calculate the effective duty cycle of each switching state. Table 2 shows the duty cycle of each state based on modulating function (MF). The modulating function is explained for different control strategies as a function of modulation index and current to voltage lagging angle, in Section 6. 
Failure rate of components
In order to analysis the effect of modulation schemes on the reliability of the components, this section is devoted to the calculation of the failure rate of the components that is relevant to this study.
Currently, failure rates provided by the Military Handbook for Reliability Prediction of Electronic
Equipment, MIL-HDBK-217 F [22] , are used most often for the reliability modeling [23] . It covers the broad range of component types, and widely accepted for military and commercial electronic systems. So, in this paper MIL-HDBK-217 F will be used for failure rate calculations. However, the aim of this paper is to prepare a framework for reliability comparison of control strategies, and any available data source can be adopted in the outlined procedure. The field experience confirms that power switches and capacitors are the most vulnerable components. Moreover, magnetic components and control system are much more reliable [1] , [13] , [24] , and [25] . Therefore, only power switches and capacitors are considered in this paper and other electronic systems (e.g. gate drivers, control) are not taken into account. In addition, the type of the components must be specified in this regard. In this paper the switches are considered to be power MOSFETs. But, a similar discussion can be extended to other types of power semiconductor switches. The failure rates of the MOSFET, diode, and capacitor are summarized in Table 3 . These failure rates are expressed as a function of various stress factors. Table 3 , except the voltage stress factor, other factors are equal in each control strategy for the failure rate of capacitors. Also, the junction temperature is used as a common input for the failure rate calculation of the power switch. So, in the next three Sections, we will discuss about these factors in detail.
Failure rate of DC-link capacitors
DC link capacitors are widely used to balance the instantaneous power difference between the input source and output load, and minimize voltage variation in the dc link. Three types of capacitors are 9 generally available for dc-link applications, which are the aluminum electrolytic capacitors, metalized polypropylene film capacitors and high capacitance multi-layer ceramic capacitors [26] - [28] . Among these types, aluminum electrolytic capacitors due to low cost per joule are commonly used in DClink application. So, in this paper dry electrolytic aluminum type is considered for capacitors. This choice is purely for illustrative purposes. Failure-rate models for other technologies are available in [22] and can be incorporated into the analysis for comparing different technologies.
The failure rate of capacitor can be calculated using many lifetime models. Arrhenius equation-based models are most widely employed to analyze the reliability of capacitors. These models are generally expressed as follows:
The Ea and n as a function of the capacitor type were obtained in [29] , [30] . For aluminum electrolytic capacitors, equation (1) can be simplified as follows [31] :
In [32] , a generic lifetime model of electrolytic capacitors is proposed based on the primary wear-out mechanism of electrolyte as follows: (low )
In this paper, to integrate analytical tools for assessing converter reliability, the MIL-HDBK-217 F will be used to calculate the failure rate of capacitors.
As previously mentioned, except the voltage stress factor, other factors are equal in each control strategy for failure rate of capacitors. To calculate the voltage stress, the voltage of DC link capacitors for different modulation techniques are obtained (see Fig. 3 ). Based on these results, it is clear that the failure rates of C1, C2 in SVPWM modulation are different. This is because of imbalance voltages of DC-link capacitors, which causes the sum of the failure rates of C1 and C2 to be higher in this method compared to the other two methods. Although some improved SVPWM methods are proposed to reduce the voltage imbalance, but these methods have a stronger impact on imbalance losses in power switches [33] . So, usually these methods decrease the reliability. It should be noted that beside the voltage balancing, voltage ripple reduction has an equal importance from the power electronic designers perspective and more research efforts are expected to tackle these issues to achieve more reliable inverters. 
5.
Junction temperature calculation
As it was mentioned before, the temperature of the switch is the only factor that affects the failure rate of the switches in different control strategies. Consequently, in this section the thermal modeling of the switches is provided. The thermal models used for a single power switch and a power switch module are shown in Fig. 4 , in which the thermal impedance between the junction and case usually is modeled as a multi-layers foster RC network in the manufacturer datasheets, (see Fig. 5c ) [34] , [35] . Regardless of the thermal capacitance Cth, which describe dynamic changes, junction temperature based on the thermal equivalent model shown in Fig. 4 , is calculated as follows:
Similar to (4), the case temperature of switch can be expressed in terms of its power loss and ambient temperature as , C a loss th Ca
Using (4) and (5), the junction temperature can be expressed as So having the ambient temperature, power losses and thermal resistance we can calculate the junction temperature of power switches. Note that, if a heat sink is used, the thermal resistance between the case and ambient will be the thermal resistance of the heat sink, which is much less than the thermal resistance between the case and ambient when no heat sink is used [36] .
It should be noted that junction temperature is not very sensitive to ambient temperature. Also, for a specific application with known power loss, the heat sink will be predetermined. Therefore, power loss change is the only factor that leads to a temperature change. The next section is devoted to the power loss calculation for different control strategies. 
Evaluation of power switches losses
Power switch losses consist of conduction losses and switching losses. Up to now, many papers have reported conduction and switching loss calculation, but data sheet information based method for switching losses calculation is well known and widely accepted in both scientific and industrial applications. In this method, characteristic curves which are presented in the datasheets of each power semiconductor, are approximated by exponential equations using curve-fitting tools. This method provides an accurate power loss prediction for many different types of circuits. On the other hand, power loss prediction based on pulse by pulse calculation is used most often for the conduction loss calculation. It can be seen that the losses are dependent on the circuit parameters. In addition to this, it is easy to use in order to compare conduction loss of control techniques.
Switching Losses
Switching loss consists of the energy losses during turn-on and turn-off instants in one reference period. Turn-on losses are caused by the forward recovery process. As for fast diodes, this share of the losses can be neglected. However, the switching energy at turn-off can't be neglected. The switching losses for power switches and diodes can be derived as:
Where the commutation energy loss as a function of load current is described as follows:
Where (A, B) and (C, D) are turn-on and turn-off curve fitting constants for power switch, respectively. For a typical MOSFET (IRF740), the turn-on energy losses, turn-off energy losses, and 14 reverse recovery process energy were computed with a more precise approximation with the following relations: (13) In this section, to avoid losing any generality, load current is described as (13) . However in practice, the load current data are extracted from the corresponding waveform then switching energy loss is calculated point by point via a MATLAB script program along time.
The conduction losses for SPWM and THIPWM
Conduction loss occurs during the on-state mode of power switch 
Similarly, diode forward voltage versus diode current is described diagram as follows: 
During the power semiconductor operation, the conduction energy loss based on effective duty cycle in S1 is calculated as follows: 
15 Also, the modulation functions for SPWM and THIPWM can be calculated according to the following equations [37] , [38] :
. 
The conduction losses for other switches and diodes are given in the Appendix.
The conduction losses expressions for SVPWM
In space vector pulse width modulation (SVPWM), expressing the waveforms is difficult. Tables 4-6 . So similar to SPWM, we can calculate the conduction losses for SVPWM same as [39] , [40] . 
Power loss comparison
Power losses for one of the switches (S1), for different modulation strategies as a function of modulation index and lagging angle of current to voltage are shown in Fig. 6 . As it can be seen in Fig. 6 , THIPWM and SVPWM power losses of S1 are approximately equal. Also, it is clear that the losses with SVPWM modulation is lower than other schemes. Consequently, the right side of the temperature factor equation decreases, i.e., junction temperature decreases as well. Which in turn leads to increase the life time of S1.
Thus, the SVPWM modulation is more appropriate for the S1.
Distribution losses of S1 under unit modulation index and unit power factor in line cycle is compared in Fig. 7a for different modulation strategies. It can be seen that conduction loss take a larger part of the whole losses. So, most efforts to reduce losses should be done in this part. It is noted that this result largely depends on the static characteristics of MOSFET. Distribution losses of NPC inverter are also compared in 
Experimental results
A three-phase three-level NPC inverter have been built for verifying the theoretical analysis presented above. The experimental setup is shown in Fig. 8 . To make it easy to compare the simulation and experimental results, the parameters of experimental setup are the same as those of the simulation, which can be found in Table 9 in the Appendix. In order to increase the temperature faster, twelve individual power modules without heat-sink are used. Fig. 9 shows the thermal image of the inverter with NPC topology at different modulation strategies, which instead of the inaccessible junction temperatures, represent case temperatures of the individual switches. Since the temperatures of the legs are so close to each other, only the left leg is shown in Fig. 9 .
As it is anticipated, Fig. 9 demonstrates a significant unbalance junction temperature distribution among 19 the semiconductors. Also, it can be seen the junction temperature on the inner switches S2 and S3 is higher than on the outer switches, especially at SPWM modulation ( Fig. 9-a) . The case temperatures of switches and corresponding junction temperatures in each modulation strategy for left leg of NPC inverter are obtained and given in Table 7 . A comparison between Table 7 and the junction temperatures obtained from simulations (by using (3) and Fig. 7b) , shows that the experimental results are coincident with the simulation results. 
Fig. 8. Laboratory prototype of the three-phase three-level neutral point clamped (NPC) inverter. (a) Power switches (MOSFETs). (b) Clamping diodes. (c) DC link capacitors. (d) Controller

Comparative reliability evaluation of control strategies
In this section, quantitative analysis will be done to demonstrate the effect of different control strategies on the lifetime of the inverter. Since, in a NPC inverter without fault tolerant capability, first failure occurrence will lead to fail the inverter. Thus, first failure is the critical failure; and system is operating if all components are working properly. So, the reliability model of this inverter is in series from the reliability point of view. Therefore the failure rate of the inverter can be expressed as:
Failure rates in (22) and respective stress factors are calculated according to the previous sections and summarized in Table 8 . These results are related to the mentioned three control strategies. With these data, it is possible to calculate the reliability of the NPC inverter for each modulation. As shown in Table 8 , the most contribution stress factor to failure rates of power switches are related to temperature. So, the junction temperature of the switches is a key feature in determining the more reliable modulation technique. Fig. 10 shows the percentage contribution of each component in the inverter failure rate.
Clearly, the most failure prone devices are the power switches. So, for reliability improvement, thermal management for switches based on junction temperature control is recommended. To this end, two solutions are proposed: 1) Using the Active NPC topology with a proper modulation strategy for better loss distribution in the semiconductor devices, in which distribution of losses are controlled by the selection of the different NPC paths at the zero states; 2) Active cooling methods could be applied to certain types of switches with high losses to reduce the junction temperature and therefore extend the lifetime of the switches. For reliability comparison between modulation methods, the mean time to failure (MTTF) is applied, which gives the length of time a device or other product is expected to last in operation. That by the inverse of the failure rate function, MTTF can be calculated:
By taking the above equation and Table 8 , MTTF of NPC inverter with SPWM, THIPWM and SVPWM are 0.042951 (10 6 h), 0.048852 (10 6 h) and 0.050135 (10 6 h), respectively. It is clear that MTTF of inverter with SVPWM modulation stage is higher than other modulations (13.74 percent higher than THIPWM and 16.73 percent higher than SPWM). Therefore, SVPWM modulation not only provides excellent output performance but also improves the reliability level.
Conclusion
For the first time, a comprehensive reliability analysis between the SPWM, THIPWM and SVPWM modulations has been carried out. 23 control strategy. It was shown that the junction temperature of the switches is a key feature in determining the more reliable modulation. To calculate the junction temperature, switch loss calculation in a NPC inverter was investigated for different modulations. This comparison shows that the SVPWM strategy has the highest reliability for the NPC topology.
The results confirm that power switches are the most assailable components. So, further research may investigate the control strategy with a loss distribution to increase reliability. In addition, the method presented in this paper can be extended to other inverter topologies.
The reader is undoubtedly aware that design choices such as the choice of capacitor technology, switch ratings, and power factor can influence the reliability of system. So, the goal of this paper was not to judge the reliability merits of one control strategy over another, but rather to present a systematic framework of applying a usage model for comparing different control strategies on the basis of MTTF.
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